Molecular clocks suggest that animals originated well before they first appear as macroscopic fossils, but geologic tests of these hypotheses have been elusive. A rare steroid hydrocarbon, 24-isopropylcholestane, has been hypothesized to be a biomarker for sponges or their immediate ancestors because of its relatively high abundance in pre-Ediacaran to Early Cambrian sedimentary rocks and oils. Biolipid precursors of this sterane have been reported to be prominent in several demosponges. Whether 24-isopropylcholestane can be interpreted as a sponge (and, hence, animal) biomarker, and so provide clues about early metazoan history, depends on an understanding of the distribution of sterol biosynthesis among animals and their protistan relatives. Accordingly, we characterized the sterol profile of the choanoflagellate Monosiga brevicollis, a representative of the unicellular sister group of animals. M. brevicollis does not produce a candidate sterol precursor for 24-isopropylcholestane under our experimental growth conditions. It does, however, produce a number of other sterols, and comparative genomics confirms its biosynthetic potential to produce the full suite of compounds recovered. Consistent with the phylogenetic position of choanoflagellates, the sterol profile and biosynthetic pathway of M. brevicollis display characteristics of both fungal and poriferan sterol biosynthesis. This is an example in which genomic and biochemical information have been used together to investigate the taxonomic specificity of a fossil biomarker.
S
terols constitute a diverse class of triterpenoid lipids having wide ranging importance in biology. All eukaryotes require sterols; they serve important functions because membrane lipids play roles as developmental regulators and precursors to steroid hormones in multicellular organisms. Recently, sterols have emerged as an important investigative tool for paleontologists (1) (2) (3) (4) because steranes, the hydrocarbon skeletons of sterols, resist microbial attack and remain stable over long periods of time. Thus, they are well represented as molecular fossils in sedimentary rocks. The discovery of diverse steranes in the geologic record has fueled a search for unique precursor sterols in many branches of the eukaryotic tree, because for a molecular fossil to be useful as a biomarker, it must have significant taxonomic and/or physiological specificity.
One candidate for a paleobiologically useful biomarker is 24-isopropylcholestane, the geologically stable derivative of the C 30 sterol 24-isopropylcholesterol. Although much of eukaryotic sterol diversity is manifested in double bonds and functional groups that do not preserve in fossil hydrocarbon skeletons, the isopropyl moiety in the side chain of 24-isopropylcholesterol and related sterols results in a structure that is both unique and preservable. Particularly abundant as a molecular fossil in rocks deposited during the Ediacaran and Cambrian periods (3, 5 ) is 24-isopropylcholestane. Consistent with this stratigraphic distribution, its parent sterol is known to be synthesized by extant demosponges (6); 24-isopropylcholesterol has also been identified in small quantities in a stramenophile alga (7) , but this is less likely to explain the abundance of 24-isopropylcholestane in Ediacaran and Cambrian, but not younger, rocks. As far as we know, 24-isopropylcholesterol is not synthesized by eumetazoans (cnidarians plus bilaterian animals). Recent molecular phylogenies indicate that sponges populate the basal branches of the animal tree, with eumetazoans forming a sister group to a specific class of sponges, the Calcarea (8) (9) (10) . Thus, 24-isopropylcholestane potentially provides a powerful biomarker for early animal diversification.
The earliest mineralized sponge spicules occur just below the Proterozoic-Cambrian boundary, in ca. 544 Ma rocks from Mongolia (11) , and probable sponge casts and molds have been found in Australian sandstones only a few million years older (12) . The oldest potential animal macrofossils of any kind are 575 Ma problematica from Newfoundland (13) , and the oldest morphologically preserved remains of any kind related to stem group animals are permineralized egg cysts in 632 Ma rocks from China (14) . Nearly all molecular clock estimates for animal origins suggest that the kingdom originated earlier than this (15, 16) . Thus, the discovery (17) of relatively abundant 24-isopropylcholestane in sedimentary rocks that lie stratigraphically below Marinoan glacial beds (Ͼ635 Ma) potentially brings molecular clocks and the geologic record into closer accord and further implies that animals originated in a unique environmental context, between two global glaciation events (18) .
For the 24-isopropylcholestane skeleton to be interpreted in this way, however, it must be uniquely defined as a demosponge biomarker. It may be possible to assign this 24-isopropylcholestane confidently to the sponges within the Metazoa, because more derived metazoans use predominantly C 27 sterols, either by de novo synthesis or by modification of dietary sterols to C 27 molecules. No metazoan other than sponges has been shown to contain the biosynthetic capacity to methylate the sterol side chain, a requirement for formation of 24-isopropylcholestanes. As noted above, this molecule has been identified in small quantities in a stramenophile alga (7), but unambiguous body and molecular fossils of stramenopiles otherwise gain prominence in only Mesozoic and younger rocks (19) .
To determine whether the 24-isopropylcholestane skeleton is uniquely associated with sponges within the opistokonts, the group that includes metazoa, fungi, and related unicellular protists, it is important to survey sterols in previously undescribed taxa within this group. To date, the sterol composition of choanoflagellates, the unicellular sister group of animals (20) (21) (22) has remained unknown. Therefore, to begin, we characterized the sterol composition of Monosiga brevicollis, a choanoflagellate recently developed as a model organism and used to represent the unicellular relatives of Author contributions: R.B.K. designed research; R.B.K. performed research; R.B.K., R.E.S., A.P., and A.H.K. analyzed data; and R.B.K., R.E.S., A.P., N.K., and A.H.K. wrote the paper.
sponges and eumetazoans (22) (23) (24) . We also used comparative bioinformatics to examine the sterol biosynthetic capacity of M. brevicollis from its complete genome sequence.
Results
Sterol Profile of M. brevicollis. The profile of M. brevicollis ' sterol lipid fraction shows three dominant compounds (1, 2, and 3) by using the HCl-based extraction method described below. Fig. 1A shows the total ion chromatogram (TIC) of the trimethylsilyl ether (TMS) derivatives. These same three sterols also were obtained in identical proportions when extracted by using the Bligh-Dyer protocol (see Methods). Sterol identifications were made by comparison of mass spectra for both acetate and TMS derivatives with those from the literature. Mass spectral fragments of 1-3 are provided in Table 1 , and reference fragments of other C 27 trienes and tetraenes are given in supporting information (SI) Table S1 .
Mass spectral fragmentation patterns of 1A and 1T are typical of C 27 tetraene sterol derivatives (25) (26) (27) (28) (29) (30) (31) , based on comparison with literature spectra for C 27 sterol acetates and TMS ethers. The molecular ions (m/z 422 for 1A and m/z 452 for 1T) suggest that this molecule has four unsaturations. The diagnostic base peak resulting from side-chain cleavage of the TMS ether yields the tetracyclic m/z 251 fragment ion. This is consistent with the presence of three unsaturations in the ring system and one in the side chain.
We identify 1 as cholesta-5,7,9 (11),22-tetraen-3␤-ol (Fig. 1B ) based on the published spectrum of an acetate derivative (32) . Comparison of the M. brevicollis compound (1A; Table 1 ) with this spectrum reveals identical fragment masses and relative abundances, supporting the identification. The reference molecule was synthesized in an enzymatic study by a yeast mutant deficient in a sterol methyl transferase enzyme essential for the synthesis of C 28 sterols (32). These mutants were fed exogenous cholesterol and were able to desaturate at C-22, with the resulting (synthetic) compound being cholesta-5,7,9 (11),22-tetraen-3␤-ol. Naturally occurring cholesta-5,7,9 (11),22-tetraen-3␤-ols have been reported as minor sterols in the demosponges Axinella cannabina (33, 34) and taxa within the orders Dendroceratida and Dictyoceratida (34) . Here, we assign the structure of M. brevicollis sterol (1) tentatively to C 27 ⌬ 5,7,9(11), 22 . Although mass spectrometry often does not afford a unique structural assignment, the fragmentation patterns observed here are consistent with specific structural features and support the identification proposed above. Cleavage in the D ring results in the observed 209-Da ion, suggesting that 1 has a B/C ring triene (35, 36) . Also consistent with this diagnosis is the ratio of relative abundances of the [M ϩ ] to the [M-AcOH] fragment, which is 1:10 in 5,7,9(11) triene acetates (35) . The ring system, after loss of the side chain, will be at m/z 251. The significant 111-Da fragment ion is often attributed to the loss of a side chain with a single unsaturation. The position of this double bond, however, is difficult to deduce from fragmentation patterns alone (32, 37) . The base peak of 1A is a m/z 362 fragment that commonly results from cleavage of the side chain favored by an unsaturation in the C-22 position. The published spectra of cholesta-5,7,9(11),24-tetraen-3␤-ol show fragment ions similar to those found in the spectra of 1, but the C-24(25)-ene displays different relative abundances for each fragment (30) .
Compound 2, the dominant product, is a C 27:3 compound. It was confirmed as cholesta-5,7,22 trien-3␤-ol ( Fig. 1C ) by comparison with cholesta-5,7,22-trien-3␤-ol acetates. This molecule has the same unsaturation pattern as ergosterol, but lacks the methyl group at position C-24. Although C 27 trienes are fairly well known, and, in some cases have been shown to be intermediates in the cholesterol biosynthetic pathway, they are still rare compared with their C 28 counterparts, such as ergosterol (25) (26) (27) 38) . Mass spectral comparisons were made with all known trienes (Table S1) , and identification was made based on best fit to C 27 ⌬ 5,7,22 . Compound 3 was identified by TMS ethers and acetate mass spectra as ergosta-trien-3␤-ol (36, 39), or ergosterol.
Two of the minor peaks in the sterol fraction can be attributed to sterols in the choanoflagellate media (labeled with arrows; Fig.  1 A) . M. brevicollis is cultured with Flavobacter sp. bacteria in media of seawater brewed with Ward's cereal grass. The cereal grass is a mixture of various plant materials and contains phytosterols. We extracted a standard mass of the dry cereal grass used for the culture media by using the Bligh-Dyer method (40) . Analysis of the cereal grass yielded a TIC in which two sterol products could be identified: a C 28:1 and a C 29:1 , both most consistent with the single unsaturation (⌬ 5 ), probably campesterol and sitosterol, respectively. The presence of these two sterols in the choanoflagellate profiles (left arrow, C 28:1 and right arrow, C 29:1 ) indicates they were either incorporated into or adsorbed onto M. brevicollis biomass without being altered. Alternatively, they were extracted directly from the small amount Other minor products (labeled with asterisks; Fig. 1 A) detected in the Monosiga extracts but not found in the cereal grass control include a C 28:4 sterol and lanosterol (C 30:2 ). The C 28:4 compound (left asterisk; Fig. 1 A) appears to have the same fragmentation pattern as 1 but with one additional carbon atom on the side-chain. This is likely a methyl group at C-24 as found in ergosterol, making it a 24-methyl-C 28 ⌬ 5,7,9(11),22 -tetraene; this is the C 28 counterpart of 1. Other C 28 tetraenes such as 13 in Fig. 2 are known intermediates in sponge and fungal sterol biosynthesis. However, compound 13 is a typical C 28 tetraene (24-methyl-C 28 ⌬ 5,7,22,24(28) -tetraene), which would be formed as the penultimate step in ergosterol biosynthesis. The M. brevicollis C 28 -tetraene is not 13, but again appears to be another sterol unique to the choanoflagellate. Because the C 28:4 compound was only seen in one of the three extractions of choanoflagellate biomass, and in trace quantities, it may be a biosynthetic intermediate. It is unlikely to be a minor modification of dietary sterol, given the configuration of the double bonds in the tetraene.
Lanosterol (right asterisk; Fig. 1 A) was detected in trace amounts and is the initial biosynthetic sterol in the pathway to both fungal and metazoan sterols and, therefore, not unexpected. In one of the three M. brevicollis extracts, an additional, unusual and trace C 31 sterol was cyclolaudenol (24-methyl-5␣-cycloart-25-en-3␤-ol). The identification is based on the close similarity of its mass spectrum to those published for this compound (36) . This compound is less expected, because it is a derivative of cycloartenol; it may have been a minor component, or a modification product, of a sterol associated with the growth medium. Importantly, none of the sterols from any of the extractions was found to have an isopropyl group in the side chain. The only C 30 molecule detected was the biosynthetic intermediate, lanosterol. Thus, no sterols identified in M. brevicollis are candidate precursors of the sterane biomarker, 24-isopropylcholestane.
The sterol profile from M. brevicollis has several distinguishing factors. First, it resembles the sterol composition of metazoans by having a dominant C 27 sterol. Indeed compound 1 is otherwise known from demosponges. Second, it shows features characteristic of fungal sterol biosynthesis by displaying the same unsaturation pattern found in the C 28 sterol, ergosterol, the dominant sterol of fungi. Unlike fungi, however, Monosiga expresses the ⌬5,7,22 in its C 27 sterol product. Consistent with this preference for ergosterollike products, the choanoflagellate also produces ergosterol as its second most abundant sterol. The combination of fungal and animal sterol characters seen in choanoflagellates is consistent with their phylogenetic position (8-10,20,22; Fig. 1 ). Choanoflagellate sterol biosynthesis, as suggested by the suite of genes in its genome, includes a pathway similar to the fungal pathway to ergosterol, with methylation on the C-24 position via a sterol methyl transferase enzyme (SMT) and double bonds inserted with C-5 and C-7 desaturases. This suggests that this pathway may be plesiomorphic for the opisthokont clade, i.e., present in the last common ancestor of fungi, choanoflagellates, and animals, but subsequently lost in eumetazoans. No eumetazons have yet been shown to contain the SMT genes necessary for the synthesis of ergosterol; therefore, a sterol profile dominated by C 27 products synthesized de novo can be considered a derived feature of eumetazoans within the opistokonts. Because 1-3 are not found in the choanoflagellate media or its bacterial prey, they must be synthesized by M. brevicollis. Monosiga might, in principle, convert C 28:1 and C 29:1 sterols from its diet into 1-3, but this would require significant molecular modification. Furthermore, the available dietary sterols do not contain the important C-22 unsaturation, so this feature must have been introduced by the choanoflagellate. Genomic evidence discussed below suggests that M. brevicollis possesses the necessary genes for complete de novo synthesis of all three.
Genomic Investigation of Sterol Biosynthesis. The biosynthetic pathways for sterols in plants, fungi, and derived metazoans are well characterized as are the corresponding enzymes and their gene sequences (Fig. 2) . To evaluate the sterol biosynthetic capabilities of M. brevicollis, we used protein sequence information obtained from its recently completed whole-genome sequence. Traditionally, labeling studies have been used to verify biosynthetic activity in heterotrophic organisms such as choanoflagellates. Instead, we used genomic information to identify homologs for enzymes involved in sterol biosynthesis, mapping out a putative biosynthetic capacity. A full set of biosynthetic genes demonstrates that an organism may be able to synthesize the molecules of interest. One advantage to this approach is that it may also suggest or confirm unique abilities based on enzymatic variations and could help explain the origin of unusual products such as a dominance of C-22 unsaturations.
Protein-protein BLAST (Basic Local Alignment Search Tool) searches of the catalog of predicted M. brevicollis proteins by using fungal and metazoan query sequences indicate that this choanoflagellate contains homologs for a full suite of sterol biosynthesis enzymes and, therefore, could synthesize sterols de novo ( Table 2) . Candidate sequences were identified by using a cut-off expectation (E) value of Ͻ10 Ϫ15 relative to at least one empirically characterized fungal or metazoan sequence. Each candidate protein sequence was then analyzed phylogenetically to determine homology (Fig. S1 , sequence information Table S2 and Table S3 ). Interestingly, a gene for the C-22 desaturase enzyme was the only step in the sterol biosynthetic pathway for which a predicted homolog from the M. brevicollis genome was not recovered. Homologs of this gene can be found easily (and can be distinguished from the aforementioned C-14 demethylases) in fungi and plants, but C-22 desaturases cannot be similarly found in animals. To date, the enzymatic products of this homologous family of C-22 desaturases represent the only known method for inserting a C-22 double bond into a sterol side chain, yet in M. brevicollis, no sequence with high homology to known C-22 desaturases was recovered, despite the apparent requirement for this functionality. Sequences with less stringent BLAST scores (expectation values 10 Ϫ9 to 10 Ϫ15 ) were recovered by searching with a representative fungal sequence, whereas none were recovered by searching with a plant sequence. Furthermore, the phylogenetic analysis shows that these sequences with lower scoring BLAST hits do not group with known C-22 desaturases. Therefore, it must be assumed that the enzyme operating in M. brevicollis is different or highly divergent from previously known C-22 desaturases.
We also extracted some information on sterol biosynthetic capacity for demosponges from the whole-genome sequence of the genomic model sponge, Amphamedon queenslandica. This genome is also sequenced by the Joint Genome Institute. Unlike the M. brevicollis genome, this genome is not yet assembled so determination of specific gene sequences and numbers of genes copies in the genome is not possible. The raw sequence data in the form of trace archives is publicly available from National Center for Biotechnology Information and was used to search for all sterol biosynthetic genes by using tBLASTn searches. Recovered sequences were assembled by hand and included in the phylogenetic analyses to determine homology ( Fig. S1 and Table S3 ). It appears that A. queenslandica has all biosynthetic genes necessary for sterol biosynthesis, including one or more SMT genes. It also appears to be lacking a C-22 desaturase, like M. brevicollis, although this must remain speculative until a fully assembled version of the genome can be searched.
Evolution of Sterol Biosynthesis in Choanoflagellates.
Both the sterols and the suite of genes present in the genome of M. brevicollis indicate the intermediate nature of choanoflagellate sterols relative to those of fungi and animals. The presence in M. brevicollis of putative homologs for enzymes found in the fungal sterol biosynthetic pathway but not found in known metazoan biosynthetic pathways (e.g., C-24 reductase) and an enzyme previously found in the metazoan, but not in the fungal, biosynthetic pathway (C-7 reductase), suggests a combination of the features previously thought to be unique to fungi or to animals. The M. brevicollis pathway thus may represent an evolutionary intermediate between fungi and animals. C-24 reductase typically acts in the penultimate step in ergosterol biosynthesis and is not found in the cholesterol biosynthetic pathway. Likewise, C-7 reductase removes the C-7 unsaturation in intermediates leading to cholesterol, but is not found in the ergosterol biosynthetic pathway. This genomic survey of sterol biosynthetic enzymes suggests that unique aspects of pathways can indeed be predicted, based on analysis of gene homologs in conjunction with knowledge of an organism's sterol products.
Overall, the dominance of C 27 sterols is similar to modern eumetazoan sterol profiles, and according to preliminary phylogenetic analyses of biosynthetic genes, the choanoflagellate genes always appear more closely related to metazoan genes (and closely related to A. queenslandica, where a potential homolog for the demosponge was assembled). The eumetazoan pathway (Fig. 2) always leads to C 27 sterols in the animals that have been studied, because they lack the ability to methylate the sterol side chain. However, in contrast to animals, the choanoflagellate also makes minor quantities of C 28 sterols. This is somewhat unusual, because organisms with the ability to methylate the C-24 position tend to make large quantities of sterols with methylated side chains. This is seen in fungi, where the fungal pathway (Fig. 2 ) always produces C 28 sterols in the fungi that have been well studied. Fungi also produce dominant ⌬ 5,7,22 triene sterols with side chain methylations at the C-24 position and side chain unsaturations at C-22. These features are similar to the choanoflagellate sterol composition; thus it appears that choanoflagellates employ aspects of both pathways.
Without further information on the physiological role of methylated sterols, we are unable to speculate why this particular choanoflagellate mainly produces C 27 sterols. However, a similar trend can be seen in organisms like red algae that produce dominant C 27 sterols but have the ability to make C 28 and C 29 molecules. The hypothetical pathways shown by dotted lines in Fig. 2 only suggest the possible paths to the choanoflagellate sterol products. Compound 1 and 2 could be synthesized directly from a C 27 precursor but could conceivably be modified from a C 28 or C 29 sterol taken from the media (as shown from compound 18 and 19) or from compound 3. The most logical path to biosynthesis of compound 3 would be by following the typical fungal pathway, although it is possible it arises from methylation of compound 2, or modification of compound 18 or 19.
Although the biosynthetic pathway to 24-isopropylcholesterol is not known, it has been suggested that an errant C-22 desaturase could be the enzyme responsible for the isopropyl moiety (42) . The lack of a homolog for the C-22 desaturase in M. brevicollis and the presence of C-22 unsaturations in its sterols suggests that they may also be employing an unusual C-22 desaturase in the biosynthetic pathway. Much more work is needed on the method for insertion of the C-22 unsaturation in the M. brevicollis sterols, and further work on the biosynthesis of 24-isopropylcholesterol if any connection is to be made between these two modifications.
Implications. Our studies indicate that M. brevicollis does not produce a candidate isopropyl sterol precursor for the 24-isopropylcholestanes. Such a conclusion is consistent with the hypothesis that 24-isopropyl steranes in pre-Ediacaran sedimentary rocks are molecular proxies for demosponges (17) , although it will be necessary to analyze a greater diversity of choanoflagellates to provide more definitive support. Exploration of biosynthetic pathways although comparative genomics provides an approach to investigating the uniqueness and utility of lipid biomarkers. Genomic characterization of enzymatic pathways can provide insight into the biosynthetic capabilities of an organism. Because the observed molecular composition of a given sample of biomass can be influenced by physiological condition, diet, or the presence of symbionts, genomics presents an independent assessment of an organism's ability to produce molecules of interest. Comparative genomics also provides support for the uniqueness of the overall choanoflagellate sterol pathway, because it appears that enzymes or enzyme combinations lead here to unique biomarkers. Further understanding of the genetic and enzymatic controls on the synthesis of the 24-isopropyl group in sponges, and an improved understanding of the side-chain (C-22) unsaturation in choanoflagellates, promises to provide a definitive test of the hypothesis that 24-isopropylcholestane diagnostically records sponges in the geologic record. This, in turn, points the way toward strong geologic tests of molecular clock estimates for the origin of metazoans.
Methods
Cultures. Cultures of M. brevicollis (50154; American Type Culture Collection) were grown in natural seawater media brewed with Wards cereal grass media, filtered, and inoculated with a bacterial monoculture of Flavobacter as a food source (cat. no.9448606; Scholar Chemistry). Cultures were maintained at room temperature and split to a 1:15 dilution every 3 days. Cultures were monitored for contamination by using microscopy and to ensure that Flavobacter was the sole food source for M. brevicollis. Three separate rounds of cultures were grown over the course of 1 year from the same frozen stock. Control cultures of axenic Flavobacter were grown under the same conditions as experimental samples, and both uninoculated media and the cereal grass source for the media were also used as controls.
Lipid Extractions. Total lipid extracts were generated by using two different techniques to verify complete sterol extraction. In the first, lyophilized bio-mass was extracted with ultrasonication using a 10:5:4 methanol/chloroform/ water (Bligh-Dyer) solvent (40) . Phase separation was performed with addition of an equal volume of chloroform, and then water followed by centrifugation. Neutral lipids were separated from the organic phase with a cold acetone precipitation and separated into fractions by using silica TLC plates with elution in 2ϫ dichloromethane to a 12-cm mark followed by 1ϫ hexane. The sterol fraction was collected and analyzed as acetate derivatives.
The second method extracted wet biomass for 4 hours in a 10% aqueous HCl solution at 70°C. The total lipid extract was collected by liquid-liquid extraction in a separatory funnel with dichloromethane as solvent. The organic phase was separated into fractions by using silica flash column chromatography. Sterol fractions were analyzed as TMS and acetate derivatives. Controls of Flavobacter cultures and extractions of cereal grass used in media were conducted by using the first extraction technique and analyzed as TMS derivatives.
Mass Spectrometry. Acetate derivatives of choanoflagellate biomass were analyzed by using a HP 6890 gas chromatograph with a Varian CP-Sil-5 column (60 m, 0.32 mm ID, 0.25-m film thickness) fused silica capillary column, coupled to HP 5973 mass-selective detector and operated over 50 -650 Da at 70 eV. TMS derivatives of choanoflagellate TLE, bacterial biomass TLE, and cereal grass TLE were analyzed with an Agilent 6890N gas chromatograph with an Agilent HP-5MS column (30 m, 0.25-mm ID, 0.25micron film thickness; Agilent part number 19091S-433) coupled to an Agilent 5973 inert MSD.
Identification of Sterol Biosynthesis
Genes. The whole-genomic genome sequence (WGS) of M. brevicollis is available from the Joint Genome Institute (JGI) (genome.jgi-psf.org).We identified potential homologs of genes for these enzymes from the M. brevicollis WGS through translated nucleotide BLAST comparisons [tBLASTn; (36) ] with empirically defined protein sequences, with a cutoff expectation value (E value) of Ͻ10 Ϫ15 (see Table 2 for GenBank accession numbers). Potential partial gene sequences for A. queenslandica were acquired with local tBLASTn searches of the WGS trace archives. Homology was further established by reciprocal BLAST hits to other similar proteins and by phylogenetic tree constructions.
Protein alignments for phylogenetic analysis were made with Geneious 2.0.1 (www.geneious.com) with Blosum 62 cost matrix, free end gaps, and two refinement iterations. Alignments were realigned by using Jalview (43) access to Mafft, Muscle, or Clustal W alignment algorithms for similarity comparison. Maximum-likelihood trees were made with the Phylip package using Seqboot and Proml (44) and using PHYML online server (45) using WAG, Dayhoff, and JTT models with four rate substitution categories and 100 bootstrap datasets. Tree topologies were identical with each model and bootstrap values very similar if not identical. Results from analyses using the WAG model are shown as Fig. S1 .
